The main effects and interactions between temperature and host instar on development and survival of Venturia canescens (Gravenhorst) (Hymenoptera: Ichneumonidae), a parasitoid of many pyralid (Lepidotera: Pyralidae) larvae, were studied under laboratory conditions. The duration of development in Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) larvae of second, third, fourth and Þfth instar and at seven constant temperatures (15, 17.5, 20, 25, 30, 31, and 32ЊC) was measured. Development time decreased signiÞcantly with increasing temperature within the range 15Ð30ЊC. When parasitism took place on second instar hosts the parasitoid development took signiÞcantly longer compared with other instars. Differences among third, fourth and Þfth instar proved to be insigniÞcant. Thermal requirements of development (developmental thresholds, thermal constant, optimum temperature) of V. canescens in each host instar were estimated with application of a linear and one nonlinear model (Logan I). Upper and lower developmental thresholds ranged between 36.01Ð36.41 and 10.86 Ð11.37ЊC, respectively. Optimum temperature for development was estimated at between 30.59 Ð30.81ЊC. All above-mentioned parameters did not vary signiÞcantly with host instar. The thermal constant decreased with host instar at parasitism and ranged between 370.4 and 555.6 d-degrees. ImmaturesÕ survival peaked at 30ЊC and was higher in older instars (third-Þfth).
A THOROUGH KNOWLEDGE OF the effect of temperature on preadult development and survival, among other aspects of the biology and behavior of parasitoids, is critical for developing and optimizing both mass rearing and Þeld-release techniques. For endoparasitoids, however, larval development is markedly inßuenced not only by environmental factors like temperature, but also by the species, instar, size, nutritional status, and physiological reactions of the host in which they develop (Jervis and Copland 1996) .
Venturia canescens is a solitary koinobiont endoparasitoid that is known to attack and develop successfully in the larvae of many lepidopterous pests of stored products (Frilli 1965 , Salt 1975 . The effect of temperature (Candura 1928 , Ahmad 1936 , Kurstak 1966 , Nakahara and Iwabuchi 2000 , host species (Harvey and Thompson 1995; Harvey et al. 1995 Harvey et al. , 1996 Harvey 1996 Harvey , 2000 Harvey and Vet, 1997) and host instar or size (Harvey et al. 1994 , Harvey and Thompson 1995 , Sait et al. 1995 , Harvey and Vet 1997 , Hemerik and Harvey 1999 on its developmental rate and/or time has been the subject of many previous studies. However very little is known about its thermal requirements (developmental thresholds, optimum temperature, thermal constant) for development. Moreover, no experimental data concerning the effect of host instar on its tolerance in extreme temperatures are available.
In the current study the main effects and interaction between temperature and host instar on the duration of development and survival of immatures of V. canescens in Ephestia kuehniella larvae is studied. Estimation of lower developmental threshold and thermal constant for each host instar was undertaken by Þtting experimental data on a linear model. In addition, the upper developmental threshold and optimum temperature for development were calculated by application of a nonlinear model (Logan I) . Most of these parameters are estimated for the Þrst time for V. canescens.
Materials and Methods
Culture of the Host and Parasitoid. Larvae of the Mediterranean Flour Moth E. kuehniella Zeller (Lepidoptera: Pyralidae) were used as hosts. The host species was reared in incubators at 25ЊC with a 16:8 L:D photoperiod and 65 Ϯ 5% R.H. Cultures were maintained in clear plastic boxes (17 ϫ 11 ϫ 5 cm) containing 200 Ð250 g of semolina with 250 Ð300 host eggs.
This allowed host larvae to develop with excess food throughout larval life.
The original population of the parasitoid was collected in ßourmills near Athens, Attiki Co. V. canescens were reared in same boxes and conditions as described above for E. kuehniella. Approximately, 200 fourthÞfth instar larvae from host culture were placed in each box together with 10 adult wasps. This procedure was repeated every 4 d. The boxes were left undisturbed until wasps eclosed.
Effect of Host Instar. Larvae of second to Þfth instar of E. kuehniella were separated using the criterion of maximum head capsule width following the method of Harvey and Thompson (1995) . Preliminary experiments were conducted to estimate the value range of maximum head capsule widths of our moth population. Moth larvae were reared individually from egg to pupation and daily observations were made for head slippage as veriÞcation for instar change. Measurements of maximum head width of 25 larvae of second (0.26 Ð 0.38 mm), third (0.48 Ð 0.61 mm), fourth (0.71Ð 0.83 mm), and Þfth instar (0.96 Ð1.31 mm) were made under calibrated stereomicroscope.
E. kuehniella was singly parasitized by V. canescens in second to Þfth instar. Experimental wasps were 6-d-old, honey-fed and had lived at 25ЊC without access to hosts. Parasitism was veriÞed by the characteristic ßexing motion of the abdomen which follows successful oviposition (the ÔcockingÕ motion sensu Rogers 1972) . Parasitized larvae ware transferred individually to small plastic vials (3 cm diameter), containing excess diet (semolina) until adult eclosion. Vials with parasitized larvae were put in to incubators at constant temperature (15, 17.5, 20, 25, 30, 31, and 32ЊC) , photoperiod (16 h light) and relative humidity (65Ð75%). The cohort size at each temperature was 70 parasitized larvae at 15ЊC, 55 at 17.5Ð30ЊC, and 40 at 31 and 32ЊC. To avoid variance in host growth because of artiÞcial reasons all experiments were carried out synchronously.
Effect of Temperature. Upper and lower thermal thresholds as well as optimum temperature for development of V. canescens in second-Þfth instar larvae of E. kuehniella were estimated.
Lower Developmental Threshold. Estimation of the lower developmental threshold (developmental zero) was based on a linear model. Data obtained from the experiments were described by the linear regression equation of the form:
where y is the rate of development at temperature T, and a and b are constants. Equation constants (a, b) were estimated with least squares method using Excel statistical program. Estimation of constants was based only on data obtained at 15Ð30ЊC, as the assumed linear relationship is known to hold as an approximation for the median temperature range only (Campbell et al. 1974) . Outside of this range the relationship is nonlinear (Mills 1981) .
The regression line was extrapolated back and met the absicca at the developmental zero t, which was calculated from t ϭ Ϫa/b. The total quantity of thermal energy required to complete development, the thermal constant K, was calculated from the reciprocal of the slope of the regression line (1/b) (Wigglesworth 1953 , Campbell et al. 1974 .
Upper Developmental Threshold. Experimental data from all temperatures (15Ð32ЊC) were Þtted to Logan I nonlinear model (Logan et al. 1976) :
⌬T ͔ where d(T) is the rate of development at temperature ⌻ (ЊC) (days Ϫ1 ), is a directly measurable rate of temperature-dependent physiological process at some base temperature Tb, is a composite Q 10 value for enzyme-catalyzed biochemical reactions, ⌻m is a maximum temperature at which life processes can no longer be maintained for prolonged periods of time, and ⌬⌻ is a temperature range, above the optimum temperature for development and below Tm, over which the Ôthermal breakdownÕ becomes the overriding inßuence (Fig. 1) .
The base temperature Tb is either the minimum temperature used in the experiments or is inserted as Þfth equation parameter or it can hypothesized that ⌻b ϭ 0 C. As it was stated by Lactin et al. (1995) and Got et al. (1997) , the model effectiveness is not affected by the hypothesis of zero Tb. Taking also into account that the model is simpliÞed and easier for application, Tb was zero in the current study. Parameters , , ⌻m, and ⌬⌻ are not measured directly but are estimated as parameters of nonlinear regression where the Logan I equation is used as model. This nonlinear regression was carried out with the statistical program JMP (SAS Institute 1989).
Optimum temperature for development (⌻) was calculated by the equations of Logan et al. (1976) :
Values of standard errors (SE) for parameters t and ⌲ were calculated from equations of Campbell et al. (1974) :
where y m is the sample mean (mean value rate of development as derived from the linear equation y ϭ a ϩ bT), b is the linear equation parameter, s 2 is the residual mean square, ⌵ is the sample size (number of different temperatures used during study). Calculation of y, s 2 and SE b was conducted with the statistical program JMP (SAS Institute 1989).
Results
Effect of Host Instar. Duration of development of V. canescens differed signiÞcantly among various host instars at all temperatures (Table 1) : 15ЊC (df ϭ 3, 25, F ϭ 7.50, P ϭ 0.001), 17.5ЊC (df ϭ 3, 91, F ϭ 36.48, P Ͻ 0.0001), 20ЊC (df ϭ 3, 76, F ϭ 52.73, P Ͻ 0.0001), 25ЊC (df ϭ 3, 114, F ϭ 38.79, P Ͻ 0.0001) and 30ЊC (df ϭ 3, 167, F ϭ 56.36, P Ͻ 0.0001). As shown in Table 1 , when parasitism took place on second instar hosts the completion of parasitoid development took signiÞcantly longer compared with other instars. Differences among third, fourth, and Þfth instar proved to be insigniÞcant.
The upper and lower developmental threshold as well as optimum temperature for development did not varied signiÞcantly with host instar (Tables 2 and 3) . On the contrary, the thermal constant decreased with host instar increase and ranged between 370.4 and 555.6 d-degrees (Table 2 ). The main effect of host instar on duration of development of V. canescens as well as its interaction with temperature was signiÞcant (2-way ANOVA, P Ͻ 0.0001) ( Table 4 ). The lowest survival of V. canescens in E. kuehniella larvae was recorded in the second host instar (8.6 Ð32.9%) but increased in later instars (10.0 Ð100.0%) ( Table 5) .
Effect of Temperature. Development time decreased with increasing temperature (Table 1) . Analysis of variance (ANOVA) of total development time for emerged adults revealed signiÞcant differences between temperatures from 15 to 30ЊC, irrespective to host instar: L 5 (df ϭ 4, 174, F ϭ 1410.23, P Ͻ 0.0001), L 4 (df ϭ 4, 124, F ϭ 702.82, P Ͻ 0.0001), L 3 (df ϭ 4, 114, F ϭ 865.53, P Ͻ 0.0001), and L 2 (df ϭ 4, 61, F ϭ 608.54, P Ͻ 0.0001).
The rate of development increased linearly with temperature within the temperature range 15Ð30ЊC, as is indicated by the high values of coefÞcient of determination (R 2 ϭ 0.98 Ð 0.99) ( Table 2) , and declined at higher temperatures (Fig. 1) . Wasp individuals completed development much more successfully at medium temperatures (17.5Ð30ЊC) (12.9 Ð100%) in comparison with those kept at more extreme temperature regimes (15 and Ͼ30ЊC) (8.6 Ð22.5%) ( Table 5 ).
Discussion
Effect of Host Instar. For koinobionts, in which hosts continue feeding and growing long after parasitism, host suitability is largely determined by host age (Campbell and Dufey 1979) , as it affects not only its size and consequently the available food quantity for parasitoid larva, but also its nutritional value (e.g., composition of hemolymph and host tissues) (Jervis and Copland 1996 , Harvey et al. 2000 , Harvey and Strand 2002 ). This variation has been shown to have strong effect on many morphological, biological and ecological traits such as duration and survival of immature stages, adult size and longevity, sex ratio, egg load, fecundity and others, inßuencing in this way the population dynamics of larval parasitoids of lepidopterous pests (Strand et al. 1988 , Reitz 1996 .
The age of the host at parasitism had a signiÞcant effect on the duration of development of V. canescens only when the host was a second instar larva. In these hosts there was a signiÞcant prolongation of the developmental period. Parasitoids developing in these very young hosts spend extended periods as Þrst instars ingesting host hemolymph at a reduced rate, until the host reaches5th instar and food for the parasitoid becomes abundant (Corbet 1968, Hemerik and Harvey 1999) . The larva of many koinobionts avoids growing exponentially in young hosts, because if the host is consumed before it has grown large enough to support the waspÕs complete development, both with perish (Corbet 1968 , Slansky 1986 , Harvey et al. 1994 , Hemerik and Harvey 1999 . In contrast, the duration of wasp development did not differ signiÞcantly in third-Þfth instar hosts. The host grows rapidly after the 2ndinstar (Corbet 1968 , Slansky 1986 , Harvey et al. 1994 , so apparently the wasp larva does not need to arrest development. Developmental arrest explains the signiÞcantly longer developmental period of V. canescens in very young E. kuehniella larvae, and also has been observed when the wasp develops in Plodia interpunctella Hü bner (Harvey et al. 1994, Harvey and Thompson 1995) , Anagasta kuehniella, and Galleria melonella (L.)(Lepidotera: Pyralidae) (Harvey and Vet 1997) . Conversely, no signiÞcant developmental delays were recorded when Corcyra cephalonica Stainton (Lepidotera: Pyralidae) was used as the host (Harvey and Thompson 1995).
Manipulation of host growth during parasitism has been recorded in many koinobiotic larval endoparasitoids of lepidopterous pests. Interactions between the koinobiont Hyposoter exiguae (Viereck) (Hymenoptera: Ichneumonidae) and various host species are characterized by host developmental arrest, which varies with host species and instar attacked in accordance with the nutritional requirements of the parasitoid (Smilowitz and Iwantsch 1973, Beckage and Templeton 1985) . Harvey (2000) concluded that development time of Cotesia glomerata (L.) (Hymenoptera: Braconidae) in Pieris brassicae (L.) (Lepidop- 18.57 Ϯ 0.37 (n ϭ 7) [17Ð20] 19.00 Ϯ 0.58 (n ϭ 6) [17Ð21] []: maximum and minimum value, n: number of cohort adults, values of the same temperature (15Ð30ЊC) and host instar followed by the same small letter are not signiÞcantly different, values of the same temperature (15Ð30ЊC) and different host instar followed by the same capital letter are not signiÞcantly different, Tukey-Kramer HSD Test, a ϭ 0.05. : non-linear regression coefÞcient, *data were obtained from seven constant temperatures (15, 17.5, 20, 25, 30, 31, and 32ЊC) . tera: Pieridae) decreased with instar parasitized, whereas in P. rapae (L.), wasps took longest to complete development in full-grown hosts. Pennachio et al. (1994) also revealed that all instars of Heliothis virescens (F.) (Lepidoptera: Noctuidae) parasitized by Cardiochiles nigriceps Viereck (Hymenoptera: Braconidae) exhibited developmental arrest in the Þnal instar and failed to pupate.
Larvae of V. canescens developing in second, third, fourth and Þfth instar-larvae of P. interpunctella at 25ЊC completed their development in 25Ð26, 20 Ð22, 21Ð22 and 21Ð22 d, respectively (Harvey et al. 1994, Harvey and Thompson 1995) . Correspondingly, when ⌭. kuehniella was used as host, development lasted 29.5Ð31.5, 23.5Ð26.5, 23Ð24, and 22Ð23 d (Harvey and Vet 1997) . The respective values of the current study were 34 Ð39, 24 Ð33, 21Ð32, and 19 Ð30 d. The differences between our results and those of Harvey and Vet are possibly because of differences in the origin of the host population (genetic variation), light regime (light period 16 and 12 h, respectively), and host habitat (semolina and mixed diet, respectively). The nutritional value of the host habitat determines the hostÕs feeding rate, having an indirect effect on the rate of development of the internal wasp larva (Liu 1985 , Mackauer 1986 , Slansky 1986 ).
Our results demonstrate that host instar does not affect the tolerance of V. canescens at extreme temperatures. Host instar does not affect the tolerance of V. canescens in extreme temperatures which was conÞrmed for the Þrst time during the current study. On the contrary, the thermal constant decreases with an increase in host instar, meaning that in older hosts, smaller quantities of thermal energy are needed for V. canescens to complete its development.
Increased mortality was recorded when wasps developed in second instar hosts. Presumably, this is because of the wound from the ovipositional hole which cannot often be healed by the very young host. Indeed, many young hosts died within the Þrst day after parasitism. The increased mortality of the host itself during this instar also may have resulted in poor parasitoid survival. Harvey et al. (1994) reported mutilation of the host through insertion and removal of the ovipositor at parasitism, whereas Sait et al. (1995) attributed high mortality to young hosts being more likely to die, rather than too vipositor-induced damage.
Effect of Temperature. Experimental data on the relationship between temperature and duration of development in V. canescens are provided by many early studies (Candura 1928 , Diamond 1929 , Daviault 1930 , Beling 1932 , Frilli 1965 ). However, it should be noted that these data cannot be compared with those of the current study, given that temperature was not constant, and that wasps were supplied with hosts of various instars.
Development The lower developmental threshold of V. canescens in Þfth instar larvae of E. kuehniella has been estimated at 13.3ЊC (Nakahara and Iwabuchi 2000) and 11.4ЊC (Ahmad 1936) . Despite the fact that results of the current study (11.37ЊC) are identical with those of Ahmad (1936) , there is signiÞcant variance with those of Nakahara and Iwabuchi (2000) . In the latter study, least square method was based on data obtained from three temperatures only (21, 25, and 29ЊC) . This number is considered insufÞcient for accurate estimation of the lower developmental threshold using the linear model (Campbell et al. 1974, Jervis and Copland 1996) .
When analyzing the effect of temperature on the development of larval endoparasitoids, it should be recognized that they are exposed to continuously changing environment in the host hemolymph. Consequently, the biological interpretation of temperature effect on immature stages of V. canescens is a difÞcult task because of the strong reliance of wasp larva on hostÕs physiological reactions (Beckage 1985, Lawrence and Lanzrein 1993) . As emphasized by Tillman and Powell (1992) and Hentz et al. (1998) , endoparasitoid larvae respond to temperature alterations like free-living insects but their autonomous Kiritani (1997) . This value is located below the respective threshold of V. canescens estimated in the current study (10.86 Ð11.37ЊC). This conclusion is consistent with the trend that temperature requirements of parasitoids are higher than those of their hosts (Campbell et al. 1974 , Campbell and Mackauer 1975 , Kiritani, 1997 . The effect of this phenomenon on the host-parasite complex is twofold: Þrst, it ensures that parasitoids do not appear before the establishment of their host and second, a continued minimum host supply is available during the whole season. The Logan I model was very effective in describing the effect of temperature on the rate of development of V. canescens in all host instars, as clearly indicated by the high values of the nonlinear regression coefÞ-cients (R 2 : 0.9824 Ð 0.9919). Most wasps were successful in completing development at 30ЊC irrespective of host instar. This is justiÞed by the fact that the optimum temperature for development of V. canescens lies very close to that temperature as it was estimated in the current study (30.43Ð30.82ЊC).
Taking into account that the minimum winter temperature in storage facilities in Greece is always greater than the lower developmental threshold of V. canescens (10.86 Ð11.37ЊC) (Eliopoulos, unpublished data), it can be assumed that the parasitoid is capable of surviving the temperate winters in Greece and other countries with similar climatic conditions. Releasing V. canescens to control overwintering E. kuehniella and other Pyralid larvae is a very promising strategy which may become a valuable component of an integrated pest management (IPM) program against lepidopterous pests of stored products.
These conclusions have important implications, in that the phase-out of methyl bromide envisaged in the Montreal Protocol (Scholler et al. 1997 , Hansen 1998 , has lent a new urgency to developing a system of biological control of E. kuehniella. Besides, lower rates of metabolism and locomotion associated with larval diapause make pyralid larvae less susceptible to insecticides and fumigants during winter anyway (Cox et al. 1984) . In this perspective, V. canescens may become a valuable biocontrol agent of lepidopterous pests in storage facilities. However, further studies are required, especially under natural conditions where environmental heterogeneity may inßuence and perhaps alter host and parasitoid interactions.
